in later season plants (Olsen et al. 2005a) , suggesting that this promoter is being influenced in a negative way by the developmental physiology of the plant. Nearly all transgenic crops around the world utilise the CaMV 35S promoter (Odell et al. 1985) (or similar promoters from closely-related viruses) to drive transgenes. It is only now becoming clear that this promoter is not as robust as laboratory and glasshouse studies have suggested and its function is influenced by as yet undefined physiological and perhaps environmental factors (Sunilkumar et al. 2002) . In the short term we must rely on conventional breeding and selection to solve these problems of variable efficacy of transgenic cotton, but it will be useful, in the longer term, to identify other gene promoters that can drive strong expression of transgenes throughout the season. It is also important to have such promoters available for the next generation of transgenic cotton so that different traits can be stacked without relying on the same promoter so as to avoid transcriptional gene silencing induced by multiple copies of a single promoter such as the CaMV 35S promoter (see review by Fagard & Vaucheret 2000) .
Promoter discovery for plant biotechnology has been largely empirical with most of the promoters deployed being isolated from plant pathogens such as viruses or Agrobacterium species (reviewed in Potenza et al. 2003) . The Agrobacterium T-DNA provided a variety of constitutive promoters such as those from the octopine synthase and mannopine synthase genes and the useful but less active, at least in leaves, promoter from the nopaline synthase (NOS) gene. Viruses require high levels of transcription in a variety of tissues to ensure infection of a plant so it is not surprising that many strong promoters come from viruses. Most plant viruses have RNA, rather than DNA genomes so choices are limited. CaMV was one of the first plant viruses sequenced and provided two strong promoters responsible for the production of the 35S and 19S viral transcripts (Odell et al. 1985) . Other viral promoters with similar characteristics to the CaMV 35S promoter have been, or are being, developed for use in plant biotechnology and these include the Banana Streak Virus promoters (Schenk et al. 2001) , Cassava Vein Mosaic Virus promoter (Li et al. 2001; Verdaguer et al.1996) , the Figwort Mosaic Virus (FMV) promoter (Sanger et al. 1990) , the Mirabilis Mosaic Virus promoter (Dey and Maiti 1999) , and the Subterranean Clover Stunt Virus promoters (Schünmann et al. 2003a (Schünmann et al. , 2003b . Only the FMV promoter has so far appeared in any commercial transgenic crop plant, namely Bollgard II ® cotton (Greenplate et al. 2003) .
The second most common group of promoters for plant biotechnology have come from highly-expressed plant genes, such as those for seed storage proteins, photosynthetic proteins or housekeeping genes, all of whose mRNAs were easily cloned and characterised (reviewed in Potenza et al. 2003) . Actin, ubiquitin and tubulin gene promoters have all been used in various plant species for expressing transgenes or selectable markers. As our sophistication in biotechnology improves, the need for more developmentally-or environmentally-regulated promoters has become evident and considerable effort is going into the discovery of specific tissue or biotic-, hormonal-or abiotic stressresponsive genes and promoters (reviewed in Potenza et al. 2003) . The advent of EST and other genomic resources has changed the way researchers are approaching problems in biology and applied biotechnology and it is now possible to take more global approaches to finding more robust constitutive plant promoters.
In this paper we describe the EST and cDNA microarray-based approaches we undertook to identify potentially useful promoters in cotton and the detailed expression analysis of one such promoter, the Rubisco small subunit gene promoter, in both transgenic Arabidopsis and cotton plants.
Materials and methods

Synthesis of late season cotton leaf cDNA and construction of a leaf cDNA library
Total RNA was isolated from young, fully expanded, leaves of the transgenic Ingard cotton variety Sicala V3i collected 20 weeks after planting (i.e., during boll filling in the latter part of the growing season) from field-grown plants at Narrabri, NSW from 1.5-2.0 g of frozen leaf material (Wan and Wilkins 1994) . Poly A ϩ mRNA was prepared using an Oligotex mRNA kit (Qiagen, Cat. No. 70042) , following the recommended protocol. 1.5 mg poly A ϩ mRNA from the leaves was used for cDNA synthesis and a cDNA library was constructed using a Life Technologies' Superscript lambda system (Cat. No. 19643-014) following the manufacturer's instructions. The first strand cDNA was synthesized using a Not I primer-adapter, in the presence of 1 mCi [a-32 P] dCTP. The Sal I-adapted and Not I-digested cDNA was size-fractionated and the cDNA longer than 500 bp was directionally cloned in lZipLox Not I-Sal I arms (Life Technology Cat No. 15397-029 ). This primary library was comprised of 1.9ϫ10 6 pfu with an average insert size of 0.9 kb.
EST Analysis and Design and Printing of cotton microarrays
Self-replicating plasmids were excised from the phage library according to the manufacturer's instructions and 2000 randomly selected clones were transferred to 96 well plates. Template preparation and sequencing was carried out at the AGRF (Australian Genome Research Facility, Brisbane Division) using the M13/pUC reverse primer. The sequences were assembled into clusters of related sequences with the TGI Clustering tools (TGICL), (http://www.tigr.org/tdb/tgi/ software/), a software system for fast clustering of large EST datasets. This package automates clustering and assembly of a large EST/mRNA dataset. The clustering is performed by a slightly modified version of NCBI's MEGABLAST, and the resulting clusters are then assembled using CAP3 assembly program as described in Udall et al. (2006) . 1646 clones with reduced redundancy were selected from the original set for printing to the microarray.
The cDNA clones from the late-season leaf cDNA library were PCR amplified and printed onto CMT-GAPS coated microarray slides (Corning) using a VersArray ChipWriter Pro arrayer (Bio-Rad, Hercules, CA) as described in Wu et al. (2005) . Post-printing slide processing was performed by baking the slides at 80°C for 3 hours as described in the manufacturer's technical manual.
Field sampling of cotton leaves for microarray experimental design
Leaf samples were collected from field-grown (Narrabri, NSW) cotton plants of the Sicala V-3BR variety that contains the Bollgard II and Roundup Ready transgenic insect resistance and herbicide tolerance traits. The youngest fully-expanded leaves from each plant were harvested at 8, 10, 14, 20, 22 weeks of age and about 100 randomly-selected plants sampled at each time point. Sampling was done on sunny days under similar conditions between 10-11 am to account for any diurnal differences in gene expression. Leaf samples were stored at Ϫ80°C until used to isolate RNA (Wan and Wilkins 1994) . RNAs from the same plant variety from different fields were sampled on the same dates and served as a biological replicate. Developmentally, the cotton plants in the two fields were roughly at the same stage having been planted on the same day.
RNAs from 8-week old plants were compared to RNAs from 10-, 14-, 20-and 22-week old plants on separate arrays each with a dye swap in a common reference experimental design. The 20 and 22 weeks hybridisations each had a biological replicate (each with a dye swap) as well as a second independent labelling and hybridisation (with dye swap) with one of the 22 week RNAs. This generated 14 sets of two channel fluorescence data, although one of the 22-week slides was of low quality and had to be discarded. tRMA (Wilson et al. 2003 ) was used to normalise the raw data as described in Wilson et al. (2005) (so that different array experiments could be compared) and to identify the statistically significant differentially expressed genes.
Microarray probe preparation and slide hybridisation
Preparation of polyA ϩ RNA, probe labelling with Cy3-dUTP and Cy5-dUTP (Amersham Pharmacia Biotech) slide hybridisation and washing were as described in Wu et al. (2005) . Microarray images were captured using a GenePix 4000A microarray scanner (Axon Instruments, Union, CA, USA).
Scanned microarray images were analysed using the GenePix Pro program (Axon Instruments, Union, CA, USA). Grids were predefined and manually adjusted to ensure optimal spot recognition and bad spots were flagged (eg. dust contamination etc.). Spots were quantified using the GenePix's fixed circle method, and medians of the fluorescence intensity of the red and green channels were used to generate the ratio of the two channels and to calculate the absolute fluorescence values.
The statistical analysis of the microarray data was carried out using tRMA (tools for R Microarray Analysis, Version), a suite of statistical functions written in R code as described in . For a typical microarray comparison in this study that consisted of 4 hybridizations (two biological replicates and two dye swaps), only genes occurring in at least 3 or more of the 4 replications were counted as differentially expressed. All the microarray data and layout of the clones on the slides is available at http://www.pi.csiro.au/gena/ and in The Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm. nih.gov/geo/) as Series Accession No: GSE4939 with Platform Accession No: GPL3823 describing the array.
Cloning and Sequencing
All DNA manipulations were performed using standard methods (Sambrook et al. 1989 ) and manufacturer's recommendations where appropriate. Sequencing was carried out using Big Dye Terminator chemistry (Applied Biosystems, Foster City, CA, USA). DNA sequences were analyzed and manipulated with the Wisconsin GCG Package v 9.1 (Genetics Computer Group, Madison, WI, USA, 1997) and individual BLAST searches were conducted via the National Center for Biotechnology web site (http://www.ncbi.nlm.nih.gov).
Small Subunit promoter cloning and T-DNA Vector Construction
280,000 plaques were screened from an amplified G. hirsutum cv. Deltapine16 partial Sau3AI genomic library in lEMBL4 (Stratagene) (J. Norman and R. Chapple, CSIRO Plant Industry, Canberra) on duplicate lifts with either the RbcS 5Ј promoter region-specific probe generated from genomic DNA using the primers OL5 (GCGAATTCCGCTCATGTTAACAA-TTAATTC) and OL6 (GCGGATCCCATTGCTATTACTGC-TTACTAG) or a coding region probe excised from the RbcS cDNA clone LSL0087D07. Eight plaques positive for both probes were selected and purified by two more rounds of hybridization and lambda DNA was prepared as recommended using a Lambda Mini kit (Qiagen, Hilden, Germany). All DNAs had identical restriction patterns with Bam HI or Eco RI so only one was sub-cloned and sequenced. A 3.8kb Bam HI fragment hybridizing to the RbcS 5Ј specific probe was subcloned into pBluescript (Stratagene) and approximately 2 kb upstream of the start codon was sequenced using a primerwalking strategy from the 5Ј end of the coding region.
RbcS promoter fragments were amplified from the 3.8 kb Bam HI subclone using a 3Ј primer adjacent to the start codon (OL34:GCTCTAGATGCTATTACTGCTTACTAGTAC) and a 5Ј primer at various distances upstream to generate fragments of 397, 723, 925 and 1827 bp. The 5Ј primers (OL35:CCC-AAGCTTGACCAAGCAAACAAGGTATGG; OL36:CCCAA-GCTTGCTTTCAATGTTGCGGGGTC; OL37:CCCAAGC-TTCTCACATTACTGGGTCCTGTTCG; OL38:CCCAAGCT-TCGGTGATAGAAAAAGGCAAGG) each contained a Hind III restriction site (in bold type) and the OL34 primer an Xba I restriction site (in bold type) and were first cloned in pGEM-T and sequenced to ensure they contained no PCR-generated errors. Promoter fragments were then cloned into the promoterless-GUS T-DNA vector pIG121Hm (Ohta et al. 1990 ) digested with the Hind III and Xba I. pIG121Hm contained the plant-selectable markers for resistance to kanamycin and hygromycin.
Arabidopsis transformation
Transformation with the various RbcS promoter GUS constructs in Agrobacterium tumefaciens strain AGL1 were carried out by the floral dip method (Clough and Bent 1998) . Transgenic T0 plants were identified by plating seeds from the dipped plants on MS medium containing 100 mg/ml kanamycin sulphate and green kanamycin-resistant plants were transferred to soil in the glasshouse to generate T 1 seed. A dozen T 1 plants were grown to produce T 2 seed which was subsequently screened on plates containing kanamycin to identify homozygous lines that were used for quantitative GUS assays.
Cotton transformation
Agrobacterium-mediated transformation of G. hirsutum L. cv. Coker 315 was performed using cotyledon segments as detailed in Murray et al. (1999) . Healthy plantlets were transferred to soil in a growth cabinet (28°C 16 h light; 22°C 8 h dark), humidified with plastic covers, and moved to a glasshouse when established.
Cotton Plant growth conditions
Plants were grown in potting mix and allowed to self pollinate in conditions of 28°C day temperature (16 h) and 20°C night (8 h). Seed was ginned and acid delinted with concentrated sulphuric acid prior to planting. Transformants were confirmed on young plants by histochemical staining for GUS on young leaf tissue before transfer to the glasshouse and then in each generation thereafter to follow the inheritance and segregation of the introduced reporter gene.
Field Growth of Cotton
All RbcS and 35SGUS plants were grown under License (DIR049/2003) from the Office of the Gene Technology Regulator. The cotton was grown on raised beds 1 m apart at a density of about 10-13 plants per metre for large scale plantings (3 plants per metre for small scale plantings of the GUS plants). Irrigation, fertiliser application and pest and weed control were as dictated by standard industry practice.
Histochemical GUS assays
For histochemical GUS assays whole Arabidopsis seedlings or pieces of cotton leaves, squares, bolls etc., were vacuum infiltrated for 10 min at 25 mm Hg at 37°C in GUS staining buffer (0.5 mM K 2 Fe(CN) 6 , 0.5 mM K 4 Fe(CN) 6 · 3H 2 O, 0.1 mM phosphate pH 7.0, 10 mM EDTA, 1.5 g L Ϫ1 5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid, cyclohexylammonium salt (Xgluc; Diagnostic Chemicals Limited, Oxford, CT, USA), 0.5% dimethyl sulfoxide) and stained overnight or as indicated. Tissues were dehydrated and rehydrated via a graded ethanol series to a final 10 mM phosphate buffer pH 7.0 for bright-field microscopy.
Flurometric GUS assays
Leaf or other tissues samples were ground in Buffer A as described in Breyne et al. (1993) . GUS fluorometric assays were carried out as described using 4-methylumbelliferyl b-Dglucuronide substrate (MUG; Diagnostic Chemicals Limited, Oxford, CT, USA). The rate of 4-methylumbelliferone (MU) production was measured using a Fluoroscan II (Labsystems, Vantaa, Finland) and expressed as pmol MU per minute per microgram of total soluble protein (min Ϫ1 mg
Ϫ1
), using MU sodium salt (ICN Biochemicals Inc., Aurora, OH, USA) to generate a standard curve for the conditions used. Protein concentrations of extracts were determined using Bio-Rad protein reagent (Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions. The enzyme reactions and protein determinations on each sample were carried out in triplicate and averaged.
DNA isolation and Southern blot analysis
Southern blot hybridisation was performed to determine T-DNA insertion number and segregation of insertion events. Genomic DNA was extracted from plants, digested (20 mg) with restriction enzymes, electrophoresed in a 0.8% agarose gel, blotted to Hybond-N ϩ nylon membranes (Amersham, Buckinghamshire, England) and hybridised with a GUS probe made from an Eco RI/Nco I fragment of approximately 1800 bp containing the whole b-glucuronidase-coding region labelled with a 32 P-dCTP (Amersham, Buckinghamshire, England) as described in Townsend and Llewellyn (2002) .
Northern blot analysis
Total RNA was extracted as described above and 15 mg was electrophoresed in formaldehyde-agarose, blotted to Hybond-N nylon membrane and probed with GUS coding region probes as described in Townsend and Llewellyn (2002) . The hybridised filters were analysed using a Phosphorimager (Molecular Dynamics) and ImageQuant version 3.3 software (Molecular Dynamics). Riboprobes were synthesised with the Promega (Madison, WI, USA) Riboprobe-System SP6 kit (Cat. No. P1420) as described by the manufacturer using linearised plasmids containing the appropriate ESTs. Gene-specific riboprobes were made by linearising the plasmids at restriction sites near the end of the coding region so that only the 3Ј untranslated region was transcribed.
Results
A Late Season Leaf cDNA library and preliminary DNA sequence analysis
A high-quality directional cDNA library was prepared from leaf RNA extracted from late-season field-grown transgenic Ingard cotton plants (containing the 35S-Cry1Ac insecticidal gene and the 35S-NptII selectable marker gene). Over two thousand cDNA clones were randomly selected and sequenced from their 5Ј ends. Approximately 1810 high-quality sequences were recovered and clustered into 1340 contigs as described in the Materials and methods. BLAST searching was used to identify the most closely-related entry in the SwissProt protein database, or when there was no significant hit, to the Genbank Non-Redundant nucleotide database. These EST sequences are available from Genbank (Accessions DV848634 to DV850414) and the singletons and contigs are available as the GH_LSL cDNA library clones from the cotton genomics database (Udall et al., 2006) at the Arizona Genomics Institute using the PAVE sequence browser (http://www. agcol.arizona.edu/pave/cotton/).
To define the most highly-expressed genes at a late stage of growth, the contigs were assembled into higher order groupings based on the identity of the BLAST hits of their consensus sequence. ESTs were grouped together if the contig they belonged to had the same best match. It was assumed that the number of ESTs in a group correlated with the expression level of the corresponding gene(s). No distinction was made at this stage between different members of a multigene family. The top twenty higher order groupings, and the corresponding number of total ESTs in each, are shown in Table 1 . The most abundantly-expressed gene in late season leaves appeared to be the 26S ribosomal RNA gene but, as expected, the two photosynthetic genes ribulose bisphosphate carboxylase small subunit (RbcS) and chlorophyll a/b binding protein (Cab) were both highly represented, ranking second and third most abundant. House keeping genes such as elongation factor 1, and tubulin were also highly represented. Actin was present, but was less abundant than other housekeeping genes. A number of structural protein genes were represented in the top assemblies as well as some genes for enzymes of primary and secondary metabolism. Several of the higher order groupings were composed of a large number of contigs, indicating that they were probably not from single genes, but from different members of multigene families. The neomycin phosphotransferase (Npt II) gene, used as a selectable marker in the commercial transgenic cotton variety from which the library was made, appears in the top twenty most abundant assemblies. These plants were homozygous for a single-copy insertion of the NptII gene driven by the CaMV 35S promoter.
Analysis of the temporal expression patterns of cotton leaf ESTs using cDNA microarrays
To get a more complete picture of the temporal differences in expression of the late season ESTs, 1646 clones were printed to glass slides and probed with labelled cDNAs from leaves taken at different times during development of cotton from early vegetative to fruit development and maturation stages. Since we were primarily interested in assessing the robustness of gene expression profiles at different developmental ages under field conditions, leaf samples were collected from transgenic Bollgard II/Roundup Ready cotton plants growing in large commercial field plantings rather than from plants grown in a glasshouse. RNA isolated from two biological leaf replicates of young pre-flowering, vegetative plants (8 weeks) was compared on the leaf cDNA microarray to leaf RNA isolated from relativelymature plants (20-and 22-weeks old) when the plants were carrying their peak boll (fruit) load, or were starting to open their bolls, respectively. Surprisingly, few genes were identified as being differentially expressed in leaves at the later stages of growth compared to similar leaves from younger vegetative plants (40/1646 at 20 weeks and only 10/1646 at 22 weeks, the majority being down regulated at the later stages). Tables 2 and 3 show the genes that were up-or down-regulated in cotton leaves aged 20 and 22 weeks, respectively with the false discovery rate controlled at 0.001. At 20 weeks only two clones were up-regulated compared to their expression level at 8 weeks (Table 2 ). These two ESTs were homologous to a chlorophyll A/B binding protein and were 89% identical at the nucleotide level, so were from different genes. At 22 weeks all 10 differentially expressed genes were down-regulated (Table 3) including the 35S-NptII gene, consistent with previous reports of loss of expression during the season. The EST, LSL001DO9, homologous to the tannin biosynthetic gene leucoanthocyanidin reductase, showed the highest decrease in expression, 10-fold compared to its level at 8 weeks of age. This gene was also significantly downregulated at 20 weeks (Table 2) .
Since there were no genes that consistently increased 1E-124) in expression from early to late season we focussed on those genes that had relatively uniform high expression throughout the life cycle of cotton. Many of the clones with high log-intensity values also had log ratios of early to late expression (averaged across all comparisons) that were close to zero (Table 4) indicating that they were also uniformly expressed in different stages of leaf development. The log 2 transformed average fluorescence values in both the red and green channels were used as an approximation for the overall level of expression of the genes on the microarray at the different growth stages. Table) , consistent with their EST abundance. The next mostabundant class of ESTs corresponded to the photosynthetic carbon fixation genes of the Rubisco small subunit family, although with a broad spread of average fluorescence levels suggesting that different gene family members had different expression levels. The NptII selectable marker gene was represented by two ESTs on the array (LSL004H10 and LSL009A08) and these had average fluorescence values of 13.03 and 12.48, respectively, so we expected genes with fluorescence values of 13 and over to represent a high average level of expression given there are two copies of the 35SNptII transgene per haploid genome in the plant material from which the RNA was isolated (one introduced with the Cry1Ac insecticidal gene and one with the glyphosate herbicide resistance trait). Over 440 ESTs had expression levels higher than 11. House keeping genes like alpha and beta tubulin, ubiquitin and translation elongation factors tended to be in the mid range with fluorescence values between 12 and 13. All the negative control genes had average fluorescence values of less than 7.0 (not shown) so we expect that genes with fluorescence values of 7-8 or less are very low abundance and of no interest.
Verification of the microarray data by northern blotting
To examine the expression levels of some of these genes at various stages of growth, and to confirm our microarray data, northern blot analysis was performed on total leaf RNA isolated from field-grown Bollgard II/Roundup Ready cotton plants at the same growth stages as those used for the microarray analyses. Coding region riboprobes complementary to the EST LSL008D07 (the RbcS EST with the highest average fluorescence value) revealed that the small subunit of Rubisco family of genes were very highly expressed throughout the season ( Figure 1A ; with much higher hybridisation signals than a similarly-labelled ubiquitin probe from EST LSL028G08, data not shown). A genespecific probe from the 3Ј end of LSL008D07 gave a much lower signal on a northern blot hybridisation ( Figure 1A ), but indicated that expression in leaves was relatively steady from early vegetative to the boll-setting phase. Sequence-specific riboprobes made against the EST LSL030E06 (Cab), noted as being about two fold up-regulated later in the season, or the EST LSL001D09 (leucoanthocyanidin reductase), highly down-regulated in late season leaves, revealed expression changes consistent with those seen on the microarrays. The Chlorophyll a/b-binding protein gene was up-regulated at 20 and 22 weeks compared to 8 weeks (not shown), while the leucoanthocyanidin reductase gene was significantly down-regulated in the leaves from older plants ( Figure 1B ). Other genes verified by northern blot hybridisation analyses, (GAPDH, Elongation Factor-1a, and ubiquitin) were expressed approximately equally early and late in the season (not shown) indicating that the hybridisation data collected from the microarrays was a good representation of the steady-state mRNA levels in field grown plants.
Isolation of the promoter region of the Rubisco small subunit gene of cotton
Evidence from both EST abundance and strength of hybridisation on the microarray suggested that the Rubisco small subunit gene was a good candidate from which to isolate a strong seasonally-insensitive promoter. The EST LSL008D07 which had the highest expression throughout the vegetative and reproductive stages (Table  4) was identical in its sequence to the cotton RbcS small subunit gene sequence available in the Genbank database (X54091). We used the LSL008D07 EST and an X54091 promoter-specific probe (Materials and Methods) to screen a cotton (cv. Deltapine 16) genomic library to isolate the corresponding RbcS gene (GhRbcS) along with a 1829 bp 5Ј promoter region. This promoter was identical over the first 521 bp to that of X54091, but extended a further 1308 bp in the 5Ј direction. The gene had three exons and three introns with sequence identical to X54091 despite being from a different cultivar. This is consistent with the low level of DNA polymorphism reported within cotton cultivars (Rungis et al. 2005; Small et al. 1999) . The longer promoter sequence has been lodged in Genbank as Accession DQ648074. The cotton Rubisco promoter sequence was compared to RbcS gene sequences from other plants (coffee, chrysanthemum, tomato, Arabidopsis, maize, and rice) by MAST (Motif Alignment and Search Tool) (available at http://meme.sdsc.edu; Bailey and Gribskov, 1998) . The dicot promoters were the most similar with the highest similarity of the cotton promoter being to the chrysanthemum RbcS upstream region (about 18% identity). Four consensus motifs were identified in the cotton promoter shown schematically in Figure 2A and these were common to many of the dicot RbcS promoters. An additional GC-rich motif #1 (GCCGGGCTGCCCGGCCGCGGCCGCCGGCG) appeared to be confined to the monocot RbcS promoters and was not present in the cotton or other dicot promoters. It contains the core GCC-box (bold) found in many pathogen-responsive genes and has been shown to function as an ethylene-responsive element (Brown et al. 2003) . The most-prevalent motif in all the plant RbcS promoters, consensus Motif #3 (GAAATATATGCATTTTTATTTTTTCTCTTGTTGT TTTTTGCAAACAA), occurred multiple times in both orientations in the upstream regions of all the dicot promoters, including the cotton RbcS (Figure 2A ), but not in the chrysanthemum promoter. It is the potential binding site for at least two transcription factors and contains a binding site (GAAAAA) for GT-1 (Manzara et al. 1991) on the reverse strand and a potential site (ATTTTTA) for the soybean embryo factor 4 protein (SEF-4) on the positive strand (both in bold type). The GT-1 binding site is common in the promoters of many light regulated genes. Three other consensus motifs #2, #4, and #5, being GTGGTCATTAAGTATGTAAT-GTCATGAGCCACAGGATCCAATGGC, CTGCCAC-GTGGC, and GGTGGTCAATGATAAGG, respectively, were found in many of the dicot RbcS promoters, including the cotton promoter. In the majority of the promoters there was a consistent arrangement of closelyspaced motifs (in the order: Motif #4 ϩ Motif #5 ϩ Motif #2) just upstream from the CAAT and TATA boxes. The 5Ј end (bold type) of the consensus Motif #2 has some similarity to the Box II sequence (another binding site for GT-1) common in light regulated promoters (Manzara et al. 1991 ) and also contains a conserved motif of unknown function, SORLIP-1 (Sequences over-represented in light-induced promoters), (bold type) seen in the promoters of a many light responsive genes (Hudson & Quail, 2003) . The putative Box II sequence in the Motif #2 of the cotton promoter is well conserved relative to the other dicot RbcS promoters, but the region with the SORLIP-1 sequence has diverged from the consensus, so is unlikely to be a functional transcription factor binding site in this particular gene. Motif #4 contains the G-Box element (bold type) known to be the binding site for the GBF family of bZIP transcription factors (Donald and Cashmore 1990) , while Motif #5 contains the classical Ibox or GATA-box element (bold type), the binding site for the transcription factor GA-1 (Donald and Cashmore 1990) , which together are known to confer light responsiveness to RbcS promoters (reviewed in Argüello-Astorga and Herrrea-Estrella 1998). These binding sites are both highly conserved in the cotton promoter.
Functionality of the Rubisco promoter in Arabidopsis
Because RbcS is encoded by a small gene family it was important to verify that the promoter we isolated was functional and not from a pseudo gene. The full-length RbcS promoter and three 5Ј deletion constructs removing some of the important conserved motifs of the GhRbcS promoter (promoter constructs PR4, PR3, PR2 and PR1, which were 1827, 925, 723 and 397 bp, respectively, in length upstream of the RbcS translation initiation site) as well as a CaMV 35S promoter, were fused to the GUS reporter gene ( Figure 2B ) in pGV Hm 121 (Ohta et al. 1990 ) and used to transform Arabidopsis C24. T2 homozygous seed of 8-10 independent lines were generated for each construct and analysed for GUS expression using histochemical and quantitative assays as described in the Materials and methods. All four Rbcs-GUS constructs were functional in Arabidopsis with expression confined to the green photosynthetic tissues, although the intensity of GUS staining of the leaves was reduced as promoter length decreased, particularly in the shortest of the constructs, PR1. Figure 3A shows the expression of the GUS gene in Arabidopsis seedlings for a typical full-length RbcS promoter-GUS line compared to a similar CaMV 35S promoter construct. No obvious expression was observed in the roots of any of the RbcS-GUS Arabidopsis plants.
The average GUS enzyme activity in the six most highly expressing independent Arabidopsis T2 lines containing each of the promoter constructs is shown in Figure 2C . The highest GUS activity was seen in the PR4 lines which had about twice the average activity of the best six CaMV 35S-GUS lines indicating that it was a strong promoter. The GUS activity in the shorter PR3 promoter-GUS lines was about the same as that of the CaMV 35S lines and approximately 58% of that detected in PR4 promoter plants. Expression levels were even lower with the two shortest constructs. Thus, although we did not study the importance of the different functional motifs identified in the RbcS promoter in any detail, deletion of some of them, particularly the upstream repeated Motif #3, seemed to have significant impacts on the overall activity of the promoter. The shortest promoter examined here retained the key G-box-I-box combinations (Motifs 4ϩ5ϩ2) and, although reduced in overall activity, still retained the green tissue specificity of the full-length promoter.
Generation and analysis of transgenic cotton plants containing RbcS-GUS construct
Because we had observed the highest activity from the full-length promoter (PR4) and transforming cotton is a difficult and lengthy procedure, only this long construct was introduced into cotton. Twenty fertile primary transformants representing fifteen different transformation events were generated and all expressed GUS in leaf tissues when stained with X-Gluc. Southern blot analysis of T 0 plants revealed successful integration of the GUS gene into the cotton genome with the number of transgene insertions varying from 1-8 (not shown). Four lines had single copy insertions, 2 lines had two insertions and 14 lines had 3 or more insertions. Plants were taken through to the T 2 generation to assess segregation and to select homozygous lines for more detailed expression analysis and field assessment. Segregation ratios predicted single locus insertions in six independent lines while the rest of the lines were indicative of multiple locus insertions (not shown). Southern blot analysis of DNA isolated from the twelve GUS expressing plants from each line confirmed the stable inheritance of GUS gene in the T 1 generation.
Expression of the RbcS promoter in cotton
To determine the specificity of expression of the RbcS promoter in cotton, we stained different plant parts harvested from a number of T 2 lines as described in the Materials and methods. As indicated by the bright blue precipitate, cotyledons (not shown) and leaves ( Figure  3B , left panel) had very high expression of the GUS gene. The roots had almost no detectable GUS expression (although there was a thin band of staining around the vascular bundle, particularly in the highest expressing plants) (Figure 3B, right panel) . Young stem and the young floral buds also had low levels of GUS expression (not shown). In mature open flowers staining was observed in the green bract surrounding the flower (not shown), in the green ovary wall (not shown), and in the stigma, and pollen ( Figure 3C ), but not in ovules (not shown). In some of the highest expressing lines staining was seen in the vasculature of the petal and the filament and at the point of attachment of the anther to the filament and the anther wall ( Figure 3C ). Plants transformed with a constitutive 35SGUS construct stained strongly in all tissues examined except for the filament and anther wall that were only weakly stained (not shown), while non-transformed control plants showed no staining in any tissue examined (e.g., Figure  3B and 3C). These results are consistent with the data from Arabidopsis (Gittins, et al. 2000; Kirby and Kavanagh 2002) and previous studies in cotton (Song et al. 2000) that show that expression of the RbcS promoter is restricted primarily to photosynthetic tissues and especially in leaves. Northern blot analysis of GUS transcripts in different tissues ( Figure 4A ) confirmed this result. In the leaves of young vegetative plants the highest expressing RbcS-GUS transformant had a steady-state level of GUS mRNA comparable to the highest 35S-GUS line (not shown).
Analysis of the RbcS-GUS plants under Field Conditions
As we were primarily interested in the performance of the RbcS promoter under field conditions, we initiated a small-scale field trial to compare the RbcS-GUS and 35S-GUS plants at a transcriptional level. Ten T 2 plants from each of six single-locus lines of RbcS-GUS (4 single-copy insertions and 2 two-copy insertions, as well as two single-copy 35S-GUS lines and a nontransformed Coker 315 control), were planted in small unreplicated rows. All plants were screened for GUS expression using X-Gluc at the cotyledon stage to verify B. H. R. Ranamalie Amarasinghe et al. their zygosity and were sampled periodically up to harvest for analysis of GUS mRNA levels by northern blot analysis. There was no significant drop in mRNA levels for GUS in either the RbcS or the 35S GUS plants ( Figure 4B ) during the season.
Discussion
In this study, we have used an EST and microarray-based approach to determine the level of abundance, and identify the temporal expression patterns of about 1600 cotton genes from field-grown cotton plants. Since our objective was to identify candidates for promoter isolation, it was important to study the expression patterns of the genes under normal conditions in the field rather than in a temperature-controlled glasshouse. Although plants can be exposed to a number of variables in the field, by careful sampling, pooling and replication, we have been able to obtain consistent results in our microarray experiments. This study thus demonstrates the scope for extending the microarray technology from controlled-growth conditions to field situations to tackle important agronomic questions in cotton.
Based on our analysis of EST abundance, microarray hybridisation signals and northern blot hybridisation analysis, we were able to identify a number of candidate genes from which to isolate strong promoters that could possibly drive expression of transgenes throughout the life cycle of cotton. Although it was perhaps not surprising that these candidates were the highly abundant photosynthetic and housekeeping genes or enzymes of primary metabolism, it was not intuitive that such gene would be stably expressed under field conditions. The most abundant ESTs in the late-season cotton leaf library listed in Table 1 are similar to the list of the 20 most abundant ESTs noted by Nanjo et al. (2004) in stresstreated poplar leaves (dehydration, chilling, salt, heat, ABA and peroxide-treated leaves) probably reflecting the naturally-stressed environment of field-grown irrigated cotton plants that are subject to daily heat and water stresses and natural infestations by pests and diseases.
This study highlighted the high expression and relative stability of the Rubisco small subunit genes as excellent candidates for promoters to drive strong and consistent expression of transgenes in photosynthetic tissues of field grown cotton, provided that a suitable member of this small multigene family was selected. We isolated the promoter of the most highly expressed EST and found it to be identical to a promoter and gene in the Genbank database, and were able to characterise a longer region of that promoter. The promoter carried all the hallmarks of a light-regulated photosynthetic gene and shared a number of motifs with RbcS genes from other plants, as would be expected. When linked to a reporter gene the promoter was able to confer tissue-specific expression and GUS staining was confined to the green photosynthetic tissues in both Arabidopsis and cotton. Low expression seen in pollen and roots has been reported for other RbcS promoters (Gittins, et al. 2000; Kirby and Kavanagh 2002) and other photosynthetic gene promoters such as plastocyanin and subunit delta of chloroplast ATP synthase (Bichler & Herrmann 1990 ), although we cannot discount that some of this expression may be due to residual effects of enhancer elements present in the 35S promoters also on the introduced T-DNA. A shorter promoter region of the cotton RbcS (560 bp) has previously been examined in transgenic cotton (Song et al. 2000) , but this analysis was restricted to a couple of T0 plants grown in the glasshouse. In both Arabidopsis and cotton our longer promoter construct performed as well as or better than the CaMV 35S promoter and this was maintained over at least the three generations examined, indicating that it would be useful for many applications where expression in the leaves was required, e.g., expressing an insecticidal toxin against lepidopteran insects that feed on green tissues such as leaves, bracts and bolls, or genes for resistance to foliar herbicides. There are few root-chewing pests of cotton so low, or little, expression in the roots is unlikely to be a problem. Under both glasshouse and field conditions the RbcS-GUS construct showed consistent expression in leaves over time and we did not see any significant reduction in transcript abundance post flowering as has been reported for 35S-Cry1Ac constructs in cotton (Olsen et al. 2005b) . Surprisingly, we also didn't see any significant reduction in the transcripts of GUS from a control CaMV 35S construct grown as a comparator, suggesting that the late season decline noted previously in GM cotton may be a problem specific to expressing Bt toxin genes.
